Introduction
The object of the first paper on " Critical Phenomena in Gases " (referred to in this paper as Paper I) was to develop a simple method of dealing with dense gases and to calculate critical temperatures in terms of atomic fields of force. Each atom in a dense gas was pictured as caged for most of its time by a cluster of neighbours, equal in number to those which surround it in the solid (and presumably also in the liquid) phase. The model was intended to provide a general average of the potential field in which any one atom moved by replacing its varying environment by an arrangement of neighbours which could be regarded as typical. This arrangement was taken to be the one in which the neighbours were situated at their mean positions as determined by the density of the gas. The potential energy of any one atom could thus be expressed as a function of the volume of the gas-a step which is probably the crucial one in a theory of critical phenomena. This point of view brings the process of condensation within the category of those described by Fowler (1936) as co-operative phenomena. In passing we may observe that the derivation of van der Waals' equation provides a particular example of this method, for in it the potential energy of each atom is assumed to be inversely proportional to the volume. The present theory goes beyond this simple model, for the potential energy of an atom is considered to be not only a function of volume but also a function of the position of the atom relative to its neighbours. The probability of finding an atom in any assigned position can be calculated by statistical means and its average potential energy and its available free volume easily deduced. The equation of state can then be deduced by thermodynamic methods, as has been pointed out elsewhere (Lennard-Jones 1937) .
The success of this method in calculating critical temperatures has encouraged an attem pt to push the theory a stage further so as to give the boiling points of gases. At the boiling-point the conditions in the gas are very different from those at the critical point. The density is much less and C ritic a l p h e n o m e n a in g a se s I I . V a p o u r p r e s s u r e s a n d b o ilin g p o in ts Vol. CLXV. A. (18 March 1938) [ 1 ] 1 the perfect gas laws can be assumed to hold. But in the liquid we may suppose that the conditions are similar to those of a dense gas except for the closer relation of neighbouring atoms. In this paper therefore we use the same methods for the liquid which we adopted for the dense gas in the first paper and then find a relation between the temperature and vapour pressure. This enables us not only to calculate boiling-points in terms of atomic force fields but also to determine the change of entropy on evaporization and thus to give a theoretical justification of Trouton's rule.
While we have approached the problem of a liquid and its vapour as a natural extension of the theory of dense gases, we find that considerable work has already been done on the theory of liquids, which bears some resemblance to that developed here. T. S. Wheeler (1934-6) has used the force fields previously given by Lennard-Jones as a basis for a theory of liquids. He supposes each molecule to keep clear round it a spherical volume by its thermal motion and to vibrate within it like a linear oscillator. He is thus able to obtain many properties of a liquid by simple kinetic theory arguments in terms of the specific volume and the constants of the force fields. The theory does not determine the specific volume, as a selfcontained theory should do, but by giving to this quantity its experimental value he is able to get satisfactory agreement between theory and experi ment for a number of physical properties.
Recently Eyring and his collaborators (1936-7) have developed a theory of the liquid state which seeks not to obtain all the properties of a liquid in terms of interatomic forces but rather to correlate the different properties with one another. Eyring has introduced a new concept which is extremely valuable. He has given reasons for supposing that in a liquid there are a number of " holes " of atomic size, the number of which can be estimated by simple thermodynamic arguments. In terms of these the phenomena of diffusion and viscosity can be dealt with quantitatively. In a further paper (Newton and Eyring 1937) the vapour pressure has been obtained in terms of the coefficient of expansion and the specific heats and other properties have been successfully correlated (Eyring and others 1937) .
An attem pt to develop an exact theory of condensing systems has recently been made by Mayer (1937) . This work must be regarded as an important advance in the subject, but though the vapour pressure of a liquid is expressed in terms of the interatomic fields, the equations are too com plicated to admit of more than a very approximate calculation. In order to make applications to particular gases and liquids, it will probably be necessary for some time to try to find methods, such as that given in this paper, which permit of easy numerical computation.
Calculation of vapour pressures
In calculating the partition function and hence the free energy of a dense gas in Paper I, we supposed that each atom could be regarded as confined by its immediate neighbours to a cell or cage and th at its migration from one environment to another could be regarded as a relatively infrequent event.
In conformity with this, we supposed the partition function of the assembly to be equal to the product of the partition functions of the individual molecules, but the fact that migration may occur, though slowly, implies that the statistics should be like those of a dilute gas rather than that of a solid. We discussed in Paper I the partition function for a perfect gas by these two methods and showed the ability to change places results in a factor of eN in the partition function for the assembly (corresponding to a factor NN/NN\). As we stated in th at paper, none of the results given there (for example, the equation of state and critical constants) are affected by this factor, but in extending the results in this paper to vapour pressures this factor must be considered more closely. The contribution of mobility to the energy of the assembly will be small and may safely be neglected, but it is probably more accurate to take into account the permutation of the atoms and to include the factor just referred to. This means th at the whole of the " free volume" of the assembly and not just th at of each cell is accessible to every atom and the usual factor of N ! must be introduced to allow for permutations. This method has already been used by Eyring and Hirschfelder in a paper just published (1937) .
In Paper I we supposed the fields of the atoms to be spherically sym metrical and the potential to be of the special form (j){r) = Ar~n -Br~m.
(1)
Now atoms obeying a law of force of this type would crystallize in the form of a face-centred cubic (Lennard-Jones and Ingham 1925) and the number of nearest neighbours of each atom would be 12. We accordingly assume that in the liquid and dense gas phases there is a tendency to this structure and that the average field in which any one moves can be represented approxi mately by the effect of the 12 nearest neighbours in their mean positions. Clearly it will be necessary in taking the theory to further approximations to consider the motion of the atoms about those mean positions and to represent this by probability patterns as is done for electrons in atoms; in fact, what is ultimately required is a method analogous to that of selfconsistent fields for finding electronic distributions. In this paper we shall suppose the methods used for a dense gas are J . E . L en n a rd -Jo n es an d A. F . D evonshire applicable also to a liquid. The partition function, obtained in Paper I, equation (48), can be written in the form
and is the mutual potential energy of Nt atoms, when arranged in a facecentred cubic lattice at their mean positions. This is easily obtained from (1) by adopting the summations given by Lennard-Jones and Ingham (1925) and by altering the notation so as to express the energy in terms of volume; thus,
where < fi0 is the absolute value of the minimum of the potential energy of two atoms under the field (1), ct he number of neare and r0 their distance apart in the equilibrium configuration. Nt is the number of atoms in the assembly, considered to be in the liquid phase, vt the volume occupied by these atoms, while y is the fraction of the total volume which may be regarded as available to an atom; in fact,
where the integral is taken over a unit cell of volume v* (the specific volume) and \Jr(r) is the potential energy of the atom within its cell referred to that at its centre as zero. For the particular law of force defined by (1) y is given b y y = 2nyl2 jy ie x v^^{-{v jv l)*l{y) + 2(v0/vl)2m(y)}^dy (6) (cf. equation (49), Paper I, using the relation y = ^g). We may conveniently define a free volume vf by the relation
We note that it is a function of temperature and volume. The free volume per atom we shall denote by vf.
As explained above we now modify the partition function from (2) to
The vapour pressure can be calculated from the well-known thermo dynamical formula where U is the internal energy of the substance in question. Now remains constant and equal to the vapour pressure while the substance evaporates at constant temperature, so that if we integrate (9) at constant temperature from v = vf (the specific volume of the liquid), to = v* (the specific volume of the gas), we obtain the equation where U* is the internal energy per molecule of the gas, Uf the internal energy per molecule of the liquid, and the vapour pressure. If the vapour pressure is small (of the order of an atmosphere or less) we can neglect in comparison with vf and treat the vapour as a perfect gas. Then we have
so that
If we divide by kT2 and integrate we have log p-lo g T = 0JN lkT log + log so that
where f(v) is an arbitrary function of v. Since y is a pure number, it would appear from dimensions that f ( v ) / km ust be equal to the invers Another method of calculating the vapour pressure, which has the advantage of giving the equation without any arbitrary function, is to use the thermodynamical equations for the condition that two phases should be in equilibrium in the form where A is the Helmholtz free energy or work function, which, for the liquid, is given by the equation (cf. equation (48) 
and for the vapour, assuming it to be a perfect gas, by 
Equation (16) This simple formula gives the " free volume " of the liquid per atom in terms of the specific volume of the gas.
Equations (19) and (20) together determine the specific volume of the liquid as a function of temperature, but for moderate vapour pressures it is a good approximation to put p equal to zero in equation (19) as it is small compared with the other quantities involved, so that this equation alone gives the specific volume of the liquid as a function of temperature.
We may also determine the change of entropy and the heat of vaporiza tion without difficulty. For the entropy of a substance is given by the well-known equation TS = U-A, so that from equations (12) and (17) the entropy per molecule of the liquid is given by Sf/k = ^!^ + logx + log(v,/Az) + f log(2nmkT/h2) + % ,
* I t is to be noted th a t &0 and X depend on N t through (v0M ) or (v* /v*)-
while the entropy of the vapour, supposed to be a perfect gas, is given by S*/k = \og(vg/Ny) + i\o g ( 27Tmk ( 22) so that (S*-S*)lk = \og(v*lvtx)-~^.
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Now from equation (12) we see that is the change in potential energy of an atom due to its motion about its equilibrium position. We know th at it will be equal to f if the atom is moving like a harmonic oscillator. This will not be far from the truth at high liquid densities and in any case the second term in equation (23) 
D iscussion of results
Equation (20) where Qi s a dimensionless quantity, which is a function of A/kT only. It should be the same for all gases to which our equations are applicable. A few typical values of {vt/v0) and Q(A/kT)for a ra given in Table I . As a guide to the size of the quantities involved it may be mentioned that A / k Ti s about 9 at the critical point and about 16 a boiling-point for the simpler gases, and that for the inert gases (tyA/v^) varies between 2 x 109 and 5 x 109 dynes/cm.2. It is found that the calcu lated values of log Qa re proportional to {A/kT) to within the calculation, so that we can put the equation for the vapour pressure in the form 
where the appropriate values of A and B are given in Table II . From these equations the boiling-points can at once be calculated and the values obtained are given in Table II . The theory can hardly be expected to apply to a light gas like hydrogen for reasons explained in Paper I, but it may be added that the boiling point comes out to be 26-4 instead of the observed value of 20-3. * The boiling-points given here differ slightly from those quoted a t the end of a previous paper (L ennard-Jones 1937), being the result of a revised calculation.
In this table we also give the entropy of vaporization in cal./deg. This is given by using the well-known thermodynamic equation
where p is the vapour pressure and then using the approximate equations (28) or (29). In fact from (28) we have
and from the same equation we see th at since log^-AM/r^) does not vary greatly from liquid to liquid, A/kT is practically a con point. Hence the entropy of vaporization should be approximately con stant for all liquids to which this theory is applicable. This is the familiar Trouton rule (probably more accurately referred to as the Pictet-Trouton rule) (Pictet 1876 , Trouton, 1884 and it is satisfactory to find th at the value given by the theory for the constant is practically the same as th at used in the empirical rule. Observation shows th at the quantity has nearly the same value for a large number of gases.
The inner meaning of Trouton's rule becomes clear from an examination of equation (25). This equation shows th at the latent heat of vaporization divided by the boiling temperature is determined largely by the ratio of the specific volume in the gas phase ( va t atmos specific free volume in the liquid (vf) at the same temperature and pressure. The former of these at room temperature is of the order of 4-10-20 c.c., while the latter may be taken to be of the order of 10-24 c.c. We see at once that log e(v*lvf )is of the order of 10 and so is of the order of 20, as given by observation.
Trouton's rule has been modified by Hildebrand to the statement that the entropy of vaporization is the same for all liquids at temperatures at which the concentration in the gas phase has a given value. The significance of this becomes clear from equation (28). This equation can be written in the form log > * / < ) = 11*916 -(0-678)
Now vf is the specific volume of the liquid when the molecules are at the same distance apart as in the diatomic molecule. This will not vary by more than a factor of 3 or 4, so that when vf is given, that is the concentra tion in the vapour phase given, A/kT will be approximately the same for all liquids, and hence the entropies of vaporization will be the same.
J . E . L en n ard -Jo n es a n d A. F. D evonshire
Hildebrand's rule would according to this theory be correct, if all sub stances had the same number of molecules per unit volume at absolute zero.
The actual values of A / J c Ta t the boiling-point for the liquids i lie between 16 and 17 so that remembering that A = 12^0, we have
where Tb is the temperature at the boiling-point and < J )0 was defined to be the absolute value of the mutual potential energy of two molecules of the substance in their equilibrium position.
In the table we also give the ratio of the calculated boiling-points to the critical temperatures calculated in Paper I, and the observed values of these ratios.
Finally we may note that if we had used the same partition function as in Paper I, th at is, without the correcting factor eN, the calculated vapour pressures would have been higher by a factor e, and the boiling-points about 9 % lower. They would then have been rather below the experi mental values instead of above them.
We are indebted to the Department of Scientific and Industrial Research for a grant to enable this work to be carried out.
Summary
This paper extends to liquids the theory which was given recently by the authors for the equation of state of a gas at high densities. A direct calculation is made of boiling points in terms of interatomic forces and the numerical results for the inert gases are in satisfactory agreement with the observed values. A theoretical interpretation is given of Trouton's empirical rule connecting the heat of vaporization with the boiling temperature and also of Hildebrand's modified form of it. Calculations are made of the vapour pressures and heats of vaporization of the inert gases. -1935-6 Proc. In d . Acad. Sci. 1, 105, 795; 2, 1, 466; 4, 291, 298. T h e n a tu re of th e p e n e tra tin g com ponent of cosm ic rays By P. M. S. Blackett, F.R.S.
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Introduction and summary of conclusions
The measurements by Neddermeyer and Anderson (1937) of the absorp tion of cosmic-ray particles of low energy by metal plates differ in certain respects from those by Blackett and Wilson (1937) . The former results showed that, in the energy range 1*2 x 108 to 5 x 108 e-volts, two types of particles exist, an absorbable group assumed to behave as theory predicts of electrons and a much more penetrating group, attributed provisionally to heavier particles.
On the other hand, we found th at all the rays with energy under 2 x 108 e-volts were absorbed like electrons, while for rays of greater energy the average energy loss was very much less. Though a very few energetic particles were found to have a high energy loss, insufficient evidence was then available to justify classifying them as of a nature distinct from the less absorbable rays. Thus we obtained definite experimental evidence that the energy loss of the great majority of the rays varies rapidly with their energy. We concluded, therefore, that the energy loss of a normal electron varies with its energy. We now believe this to be probably false, since the success of the cascade theory of showers, in explaining the transition curve in the atmosphere, and a large part, at any rate, of the phenomena of the
